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METHOD AND DEVICE FOR DETERMINING THE BLOOD FLOW IN A 

LINE CARRYING BLOOD 

This invention relates to the field of measurement 
methods for determining the blood flow in a line carrying 
blood . 

In patients with renal failure, hemodialysis treatment is 
one possibility for replacing insufficient kidney. In 
hemodialysis, blood is withdrawn from the patient through 
an arterial blood line, purified in a blood treatment 
element and returned to the patient through a venous 
blood line. The blood treatment element may be designed 
as a hemodialyzer , in which blood passes through a first 
of two chambers separated from by a semipermeable 
membrane, while dialysis fluid flows through the second 
chamber. Fluid can be withdrawn from the blood by 
controlling the pressure ratios in the dialyzer. 

It is also possible for the blood treatment element to be 
designed as a hemofilter. In this case, fluid is only 
removed from the blood through the membrane, but no fluid 
passes continuously through the second chamber. Most of 
the fluid volume withdrawn is returned to the patient by 
administering replacement fluids. 

Such treatment methods require an adequate blood flow of 
approximately 200 to 450 ml/min to achieve adequate 
purification of the blood within the treatment, which 
lasts several hours and is performed approximately three 
times a week. For this reason, dialysis-dependent 
patients generally have an arterial-venous fistula or a 
shunt installed between an artery and a vein. Adequate 
blood flow develops in this vessel, while at the same 
time the vessel assumes enlarged dimensions in comparison 
with the other blood vessels, which is advantageous for 
puncture with a needle. 
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The blood flow in such a vessel may vary over time. In 
particular, a gradual blockage of the vessel may occur 
due to stenosis. If the blood flow drops below the 
required blood flow rate in the extracorporeal 
circulation, the blood purification capacity of the 
treatment is impaired. In most cases, the vascular 
stenosis is already so advanced in such a case that it 
can be corrected only by a procedure such as surgery. 
Therefore, it would be desirable to learn of such an 
imminent complication at an earlier point in time, so 
that other techniques would also be available for 
eliminating this complication. 

A number of techniques have been proposed for measuring 
the blood flow in a vessel. Methods such as ultrasonic 
Doppler systems, used independently or with an 
extracorporeal blood circulation (e.g., Weitzel et al . , 
Am. J. Kidney Dis. 38_, 935 (2001)), require additional 
equipment and handling is complicated. In addition, the 
measurements must be performed by specially trained 
personnel . 

With another known method, an indicator is infused into a 
vessel at a constant infusion rate, and samples are taken 
from the vessel downstream (Kaye et al . , Clinical 
Nephrology 8_, 533 (1977)). The fistula flow is deduced 
from the analysis of the dilution values. This method 
requires an additional infusion device and a sampling 
device as well as controlled use of an indicator. 

Other systems use the extracorporeal blood circulation of 
the hemodialysis machine to measure the fistula flow. 
U.S. Patent 5,866,015 describes a method in which the 
blood flow rate in the extracorporeal circulation is 
varied, and the changes in blood temperature in the 
extracorporeal circulation are measured and analyzed. 
German Patent 199 17 197 CI also describes the use of 
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various blood flow rates to then analyze the pattern of 
the measured pressures in the extracorporeal circulation. 
One disadvantage of these methods is that controlling 
different blood flow rates is a complicated process and 
has a negative effect on the blood treatment. In 
addition, in the method proposed in German Patent 
199 17 197 CI, the fistula flow must also be interrupted 
for a portion of the measurement. 

According to the teaching of European Patent 781 161 Bl, 
in addition to exchanging the accesses on the fistula, it 
is necessary to vary a physical property of the blood at 
the outlet end of the extracorporeal blood circulation to 
generate a blood feature that can be differentiated. The 
extent of this change is then analyzed in the sense of a 
dilution curve. This method also requires additional 
intervention procedures such as injection of an indicator 
solution or another targeted change in the blood. The 
analysis involves detection of the entire chronological 
course of the changes, which must be integrated over the 
bolus-type changes . 

Other methods such as those described in International 
Patents WO 02/053212 Al or WO 98/17193 Al also have in 
common the fact that it is necessary to detect a targeted 
change in the extracorporeal blood as well as the 
variations therein over time. 

In addition to describing the determination of 
cardiopulmonary recirculation, U.S. Patent 5,830,365 
describes one possibility for determining the fistula 
flow with the help of recirculation measurements, but 
bolus-like changes in blood properties are also induced 
in a targeted manner and analyzed here for this 
recirculation measurement . 
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U.S. Patent 4,894,164 describes a method and a device for 
measuring and influencing the heat balance of a patient 
during an extracorporeal blood treatment. A determination 
of the fistula flow is not provided. 

Therefore, the object of this invention is to provide a 
method and a device for determining blood flow in a line 
carrying blood, such that this method can be used even 
without additional targeted effects, i.e., controlled 
effects on the properties of the blood. 

According to the teaching of this invention, this object 
is achieved by a method having the features of Claim 1 
and by a device having the features of Claim 11. 
Advantageous embodiments of the invention are the object 
of the subclaims . 

This invention may be used in particular to determine the 
blood flow in a patient's blood vessel. Use of this 
invention is recommended in particular whenever 
corresponding blood lines are used anyway as part of an 
extracorporeal blood treatment. The analysis according to 
this invention may then be implemented essentially by 
specification of the software, by using components 
already on hand. 

This invention may be used in general with lines that 
carry blood, even when they run outside the human body - 
e.g., also including in-vitro applications. 

Additional details and advantages of this invention are 
described in greater detail on the basis of an exemplary 
embodiment of the device according to this invention, as 
illustrated in the drawings, which show: 

Fig. 1 a schematic diagram of an embodiment of the device 
according to this invention and 
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Fig. 2 various constellations of cases for blood flow in 
the blood-carrying line whose flow rate Q F is to be 
determined . 

The embodiment of the device according to this invention 
as illustrated in Fig. 1 includes a dialysis circulation 
1 and a blood circulation 2. Dialysis fluid is conveyed 
in dialysis circuit 1 by means of a delivery device 11 
from a dialysis fluid source 7 to an outlet 10 through a 
dialysis fluid inlet line 8, the dialysis fluid chamber 5 
of a dialyzer 3 and through the dialysis fluid outlet 
line 9. 

Blood is taken from a blood-carrying line 40 in blood 
circulation 2 at a first location through an arterial 
access 12. An arterial line 14 to which is connected an 
arterial temperature sensor 20 and to which a blood pump 
16 is also connected is connected to this access. 
Arterial line 14 leads into the blood chamber 6 of the 
dialyzer 3. From this chamber, blood is returned via a 
venous line 15 and a venous access 13 to the blood- 
carrying line 40 at a second location. A venous 
temperature sensor 22 is connected to the venous line 15. 

The blood chamber 3 and the dialysis fluid chamber 5 are 
separated by a semipermeable membrane 4 . 

This device also has an analyzer unit 27, which is 
connected to the arterial sensor 20 and to the venous 
sensor 22 for detecting the respective temperatures via 
measurement lines 23 and 24. The analyzer unit 27 is also 
connected by a line 30 to a control unit 18 for 
triggering the blood pump 16 via a line 17. A delivery 
rate may be set for the blood pump 16 via the control 
unit 18, and at the same time this delivery rate is also 
transmitted to the analyzer unit 27 over the line 30. The 
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analyzer unit 27 is connected to a display device 28 by a 
line 29, so that the measured data and control data as 
well as the analytical results may be displayed on this 
display device. 

This invention is based on the observation that it is not 
necessary to perform any specific manipulation of the 
blood properties, e.g., in venous line 15, in order to 
determine the line flow rate Q F in line 40. Instead, it 
is sufficient to determine the net rate dX/dt of a 
variable X, which is derived from the physicochemical 
quantity Y of the blood, where this net rate refers to 
the amount of blood removed from the line 40 over the 
arterial line 14 and supplied over the venous line 15. 
The net rate dX/dt, which is determined from the 
difference between the arterial rate dX A /dt and the 
venous rate dX v /dt, can be calculated for the case of 
sufficient time constancy during a measurement interval 
with the help of the values Y A and Y v of the 
physicochemical property Y in the arterial and venous 
lines. The net rate dX/dt can then be used to derive the 
line flow rate Q F . 

In this situation, the following equation holds for the 
net rate dX/dt: 

dt dt dt UbVv r A ) (i), 

where Q B is the blood flow rate in the arterial line or 
the venous line. 



For the blood flow rate Q F to be determined and the blood 
flow rate Q B in blood ' circulation 2, various case are 
possible, as illustrated in detail in Figure 2. In Figs. 
2a and 2b, branch 12 of the arterial line 14 is situated 
upstream from branch 13 of the venous line 15. Fig. 2a 
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concerns the case when the blood flow rate Q B is less 
than the blood flow rate Q F to be measured. In this case, 
there remains a flow rate Q F - Q B between the arterial 
branch and the venous branch, and there is no direct 
recirculation in line 40 of blood returned through the 
venous line 15 to the arterial line 14. In this case, the 
present invention is not applicable initially. 

However, if a blood flow rate Q B , which exceeds blood 
flow rate Q F , is stipulated (Fig. 2b), then there is 
recirculation in the blood-carrying line 40. This 
situation may be induced in a controlled manner in those 
cases when the blood flow rate Q F to be measured is 
expected only in a certain value range. This value range 
may then be exceeded by Q B , so that recirculation is 
induced. In this case, the blood flow rate Q B is composed 
of two components: 



The first component concerns the recirculating part and 
the second component concerns the part flowing into line 
40. The recirculation factor R indicates the percentage 
of recirculation flow in the blood flow rate Q B . 

The recirculation component, however, does not make any 
contribution to the net rate dX/dt, because this 
component is added to and removed from blood-carrying 
line 40 equally. Only the second part can make a 
contribution to this net rate dX/dt: 



Qb=&-Qb+Qf 



(2). 



dX 



= Q F (Y V -Y B ) 



(3). 



dt 
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where Y B is the physicochemical property in the line 40 
upstream from the first branch 12. After solving for Q F , 
equation (3) yields: 

dX 

ly I B ly I B 

If Y is the thermal energy per unit of volume of blood, 
and X is the thermal energy E of the blood in the blood- 
carrying line 40, then equation (4) yields: 

dE 

n = * = Qs(T y -T A ) 

c £ p B (Ty-T B ) (Ty — T B ) K h 



where T A , T v and T B stand for the temperatures of the 
blood in the arterial line 20, the venous line 22 and in 
the blood flowing into blood-carrying line 40. The 
thermal capacity of the blood is given as c E and the 
density of the blood is given as p B , where it is assumed 
that these are the same in all lines. 



If Y is the concentration c of the substance, and X is 
the quantity C of this substance in blood-carrying line 

40, then equation (5a) would be rewritten as equation 
(5b) with corresponding indices: 

dC 

& =^_=a&^) (5b) . 

(Cy ~C B ) {C v -C B ) 



The method according to this invention can be implemented 
as follows by the embodiment in Fig. 1, which shows a 
hemodialysis device, also known as a dialysis machine. It 
has been found that during an interval of a few seconds 
to a few minutes in a dialysis treatment, the temperature 
of the blood in the lines 14, 15 and 40 may be assumed to 
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remain sufficiently constant. The analyzer device 27 
stores the temperatures T A determined during the 
measurement time interval with the sensors 20 and 22 in 
the arterial line 14 and the temperatures T v in the 
venous line 15. To increase the accuracy, the sensors 20 
and 22 are placed as close as possible to the branches 12 
and 13, respectively. On the basis of the distance 
traveled by the blood from the arterial sensor 20 to the 
venous sensor 22 - in particular by way of the dialyzer 3 
- it has surprisingly been found that the temperatures T A 
and T v in the application case are almost always 
sufficiently different inherently to permit a 
measurement . 

The blood flow value Q B is reported by the control unit 
18 to the analyzer unit. This blood flow value has been 
selected by the control unit 18 to be sufficiently high, 
so that the case according to Fig. 2b will occur. 

In order for the analyzer unit 27 to now be able to 
determine the blood flow rate Q F in the blood-carrying 
line 40 with the help of equation (5a) , the following 
additional measure is taken in this embodiment: 
immediately before or after the measurement of the 
temperatures T A and T v , the control unit sets the blood 
flow rate at a value such that Q B 2 < Qbi for the case 
illustrated in Fig. 2a. In dialysis, a value of Q B 2 = 
150 ml/min, for example, would be suitable. Then the 
analyzer unit 27 detects the temperature value T A for the 
blood flow rate Q B2 . This value, which is also stored by 
the analyzer unit 27 , corresponds to the temperature T B 
in equation (5a). Thus, all the variables in equation 
(5a) are known, and the analyzer unit 27 can determine 
the blood flow rate Q F . Optionally, this value is then 
displayed on the display device 28. 
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Another variant of an embodiment of this invention is 
based on the situation illustrated in Fig. 2c. In this 
case, the arterial line 14 branches off from the blood- 
carrying line 40 downstream from the venous line 15. This 
constellation is indicated in parentheses in Fig. 1. In 
the case of the device according to Fig. 1, this may be 
accomplished easily by reversing the direction of flow of 
the blood pump 16. It would equally be possible to 
exchange the connections 12 and 13. In this regard, 
reference is made explicitly to the disclosure content of 
German Patent 195 28 907 CI, which discloses a shunt 
circuit for this case. This circuit can be triggered 
manually or automatically by the control unit 18. 

By analogy with equation (2), the following holds for the 
case according to Fig. 2c: 

Q B =RQ b +(\-R)Q b (6). 

In this case it also holds that 

R _ Qb 
Qb+Qf 



(7). 



Again only the non-recirculating second component in 
equation (6) makes a contribution to the net rate dX/dt, 
which is to be designated as dX rec /dt for the case 
according to Fig. 2c. 

Equation (3) is thus rewritten as follows: 
When solved for Q F , equation (8) yields: 



- 11 - 



q ^rec 



'B 



dt _ Qb (¥v t rec ~ Ya,kc ) 



F ~ dX Y 

Ck (Y — Y \ rec 1 A,rec X B 

\£B\ J V,rec l B> ^ 

It is now possible to proceed in a manner similar to that 
used for the case according to Fig. 2b. Measured variable 
Y B may also be determined in a similar manner, in which 
case the connections must be made as shown in Fig. 2a. 
This can be performed manually or it can be controlled by 
the control unit 18, by reversing the direction of output 
of blood pump 16 or by using a suitable shunt circuit. 
The relationships similar to equations (5a) and (5b) are 
derived by inserting the following as variables into 
equation (9) : the temperature T (which is yet to be 
multiplied by the specific thermal capacity c E and the 
density p B ) and/or the concentration c. 

In a third variant of the embodiment of this invention, 
which is especially preferred, a first measurement is 
performed initially in the constellation according to 
Fig. 2a or Fig. 2b for the net rate dX/dt . Then by 
reversing the direction of delivery of the blood pump 16 
or by using a corresponding shunt circuit, a second 
measurement of the net rate dX rec /dt is performed in the 
constellation according to Fig. 2c. Then, dividing 
equation (8) by equation (1) yields equation (10): 

dX nc 

rec 



dt _ Qf Xl™L X± /-m\ 
Qs+Q F Y v -Y a (1U >' 

dt 



If the blood flow rate Q B is selected to be so low that 
the case according to Fig. 2a for the measurement of 
dX/dt prevails, then Y A = Y B . When inserted into equation 
(10), this yields the following for this case: 
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z 



(11a), 



1-Z 



where 



<a y v -y a 




z = 



dX Y -Y 



(11b). 



dt 



In this variant, the analyzer unit 27 calculates the 
blood flow rate Q F according to equations (11a) and 
(lib), to which end the analyzer unit 27 initially stores 
the individual measured values as in the preceding 
variants . 

The relationships similar to those in equations (5a) and 
(5b) are now derived again by inserting the following 
variables: the temperature T (which is yet to be 
multiplied by the specific thermal capacity c E and the 
density p B ) and/or the concentration c into equation 
(lib) . If the measurements for dX/dt and dX rec /dt are to 
be performed at different blood flow rates Q B and Q B ,rec, 
then equation (11) can be adapted accordingly. 

Equation system (11a) and (lib) can now be further 
simplified under certain conditions . In the case of the 
device illustrated in Fig. 1, blood flows through the 
blood chamber 6 of the dialyzer 3, during which process 
there is a mass exchange and an exchange of energy with 
the dialysis fluid in the dialysis fluid chamber 5. The 
two fluids flow through the dialyzer in countercurrent - 
as is generally the practice in hemodialysis - and the 
dialysis fluid flow rate is generally set higher than the 
blood flow rate. Depending on the prevailing flow ratios 
and the specific dialyzers used, and the temperature in 
particular, the situation often occurs that the blood at 
the outlet of the blood chamber 6 assumes the temperature 
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of the dialysis fluid at the entrance to the dialysis 
fluid chamber 5. 

Then, if the temperature in dialysis fluid delivery line 
8 is kept constant during the measurement phase, which 
lasts from a few seconds to a few minutes at most, then 
the temperature of the blood in the venous line 15 also 
remains constant. Minor deviations in the temperature of 
the blood in the arterial line 14 do not have any effect. 
This means that the temperatures T v and T v , re c in equation 
(lib) are identical. (For the embodiment shown in Fig. 1, 
the dialysis flow must be reversed here for the 
determination of dX rec /dt . This is not necessary when 
using a shunt circuit in which the flow conditions are 
maintained in the dialyzer 3.) Thus, the numerator and 
the denominator of the second fraction after the first 
equal symbol are decreased by identical amounts. When 
inserted in equation (11a), this yields equation (12): 



Q F =Q B 



dt 



dX 
dt 



dX 



dt 



(12). 



The net rates dX/dt and dX rec /dt determined according to 
equation (1) can be used especially easily in this case 
to determine the blood flow rate in the blood-carrying 
line 40. This is always the case when the criterion Y v = 
Yy, rec i s met . 



The embodiments described here are derived under the 
assumption that the blood flow rate in the arterial line 
14 is identical to that in the venous line 15. 



In hemodialysis, there may be minor deviations from this 
assumption in certain cases when fluid is removed from 
the arterial and/or venous lines by ultrafiltration. 
However, it is within the technical capabilities of those 
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skilled in the art to adapt the equations to conform to 
this situation. In addition to the blood flow rate in one 
of the lines, it is necessary then to determine only the 
ultrafiltration flow rate as an additional value. 

The same thing is also true in the case of a measurement 
on a patient's vessels for so-called cardiopulmonary 
recirculation. In cardiopulmonary recirculation, blood 
delivered from the venous line 15 to line 40 with the 
properties Y v reaches the arterial line 14, where it is 
recirculated directly through the patient's bloodstream 
without undergoing sufficient metabolic or temperature 
balancing in other body areas. However, this component is 
generally relatively small. 

This invention makes available a simple method and a 
corresponding device with which it is possible to 
determine with minimal effort the blood flow rate in a 
line from which an arterial line and a venous line branch 
off. These measurements can be performed within a short 
period of time, so that the effect on a concomitant blood 
treatment, if any, can be minimized or negligible. 
Targeted addition of indicators is not necessary. 



